Abstract Careful control of spoilage microflora inside wine containers is a key issue during winemaking. To date, attention has been paid to the development of an effective protocol for the eradication of spoilage agents, especially Brettanomyces, from barrels. Few studies have taken into account the modifications caused by sanitation treatments in wine and wood barrels. In the present study the effects of two sanitation treatments (ozone and sodium hydroxide) on barrel spoilage microflora and the composition of the wine stored inside them were evaluated. The phenols of wine (38 compounds) were characterised using a UHPLC-MS during the first 3 months of wine ageing, to see possible alterations in composition due to the chemical exchange from wood to wine in presence of sanitising agents. With the same scope, a panel of 13 judges carried out sensorial analysis of wines. The results showed that the tested treatments had little effect on the organoleptic characteristics of wines, but underline the different performance of the sanitation treatments in terms of eradicating microorganisms.
Introduction
Wood has always been used in the past, in oenology to make instruments and wine containers. Today the use of wood is limited to barrels, irreplaceable tools for the production of high quality wines. Wood provides a unique environment for wine ageing, because it acts as a semipermeable barrier between wine and the environment, allowing a tailored exchange of gases, such as oxygen (Schmidtke et al. 2011) , and the release of valuable compounds in wine (Chira and Teissedre 2015; Garde Cerdan and Ancin-Azpilicueta 2006; Singleton 1995) . The combination of these two factors sparks off essential processes in wine ageing involving phenolic compounds. Wine colour stabilisation and the reduction of bitterness due to nonpolymerized tannins are two of the most well-known examples of reactions occurring in wines during their permanence in barrels (Oberholster et al. 2015; Marginean et al. 2011) .
Unfortunately, the use of barrels is accompanied by some problems. Wood is a material difficult to sanitise due to its porosity and chemical-physical inertness, which reduces the effectiveness of most of the sanitising agents (Guzzon et al. 2011; Stanga 2010) . While the wine is present in barrels, the presence of organic matter due to fermentative microorganisms, and close contact between the wood and microbiota mediated by the liquid matrix allow the penetration of microorganisms into the wood. This phenomena is particular dangerous in the case of contamination of wine by spoilage microorganisms, such as Brettanomyces spp. The species, associated to the wine environment, belonging from this genera are two: Dekkera/ Brettanomyces bruxellensis and Brettanomyces anomalus, with the majority of the strains being to the first one (Oelofse et al. 2008) . These microorganisms are associated & Raffaele Guzzon raffaele.guzzon@fmach.it at the organoleptic depreciation of wine, due to the accumulation of volatile phenols, acetic acid and other off-flavours. Also, some detrimental modifications in wine colour and taste are observed in the case of proliferation of Brettanomyces (Oelofse et al. 2008) . It has been shown that Brettanomyces spp. is able to penetrate deeply into the wood, up to a depth of 8 mm below the surface of the staves (Suarez et al. 2007) . Contact between wood and wine containing Brettanomyces for a period of two weeks is sufficient to cause significant contamination of barrels. If the contact between wine and wood is prolonged for 10 weeks, spoilage yeasts can reach a depth of more than 1 cm (Swaffield et al. 1997) .
To reduce the risks of wine alteration during barrel ageing, preventive strategies are recommended but not always practicable. Immediately after alcoholic fermentation, there are technological limits in terms of the quantification of wine spoilage agents (OIV 2015; Guzzon et al. 2011 ) and it is not always possible to employ sanitization treatments, such as the addition of sulphur dioxide or filtration (Renouf et al. 2007; Ribereau-Gayon et al. 2006) . Careful sanitation of barrels, therefore, plays a crucial role in avoiding cross-contamination between different wines and the settlement of an alterative microflora in the barrels. Traditionally, barrel sanitation was achieved using chemical agents such as organic acid or derivate of chlorine, sodium or potassium. There are some doubts about both the effectiveness and ecological sustainability of these approaches, due to the risk of residues remaining. Aqueous steam is widely used in wineries, but has not shown good efficacy because wood isolates microorganisms from high temperatures (Costantini et al. 2015; Guzzon et al. 2013 ).
Other treatments, such as UV, high-power ultrasonics or ionizing radiation, have been proposed but have encountered difficulties in terms of widespread application due to operational limits or lack of efficacy (Guzzon et al. 2011; Schmid et al. 2011) . Ozone has been proposed as a promising alternative for efficient and safe sanitation in the winery. The widespread application of this molecule in the agri-food industry (Erickson and Ortega 2006, Jin-Gab et al. 2003; Khadre et al. 2001; Foegeding 1985) , and previous experience in winemaking (Guzzon et al. 2013; Guillen et al. 2010; Hester 2006; Coggan 2003) , suggest that ozone could help to eliminate the problem of microbiological contamination of winemaking containers and equipment. However, to encourage the broad application of ozone to winemaking, doubts must be dispelled about residues in the winery environment that could lead to undesirable changes to wine.
In this work we compared ozone treatment with a traditional sanitation system based on chemical agents, for the purpose of eradicating spoilage microflora in wine barrels. The evolution of spoilage microflora was monitored by plate counts using a specifically tailored sampling approach and differential media, according to previous experiences of the authors (Guzzon et al. 2011) . After sanitation, the barrels were filled with red wine and the evolution of a wide range of simple phenols was monitored during the first 3 months of wine ageing by an original UHPLC-MS method (Barnaba et al. 2015) . This analytical dataset, accompanied by sensorial analysis of wines, provided information about the effectiveness of ozone as a sanitising agent of wine barrels, and about its interaction with the most valuable phenols characterising wood wine containers.
Materials and methods

Reagents and solutions
LC-MS grade acetonitrile (ACN, 99.9%), LC-MS grade methanol (MeOH, 99.9%), MS grade formic acid (98%) and DL-dithiothreitol (threo-1,4-dimercapto-2,3-butanediol; 99.5%) were purchased from Fluka (St. Louis, MO, USA), while L-glutathione reduced 99% and p-nitrophenol 99% were purchased from Sigma Aldrich (St. Louis, MO, USA). The target phenolic compound suppliers are summarised in Table 1 . Water-methanol standard stock solutions were prepared with organic solvent content ranging from 15 to 55%, according to compound solubility.
Experimental plan
15 barrels (225 L each) were chosen in the cooperative winery of Girlan (Cornaiano, I), because contaminated by Brettanomyces at a concentration of over 3 log units. The barrels were made by the following suppliers: Fassbinderei Stockinger Gmbh (A), Tonnellerie Boutes (F), Tonnellerie Taransaud (F), Pauscha Fassbinderei Gmbh (A), and Tonnellerie Berthomieu (F). The barrels were washed with pressurised cold water (1 9 10 5 Pa, 5 min) and then filled with 50 litres of cold water, previously sterilised using a 0.45 lm filter. The water remained inside the barrels for 24 h, with periodic shaking, and was then sampled for microbiological analysis (1 L for each barrel). The barrels were emptied, dried for 24 h at 20°C and randomly divided into 3 groups of 5 barrels. The 1 st group (not treated, NT) was washed with cold water for 30 min. The 2 nd group (chemical treatment, CT) was treated with the TM Recond system (Thonhauser GmbH, A), which provides for a barrel cleaning process in 4 steps: 4 min, 70°C, 1% v/v of aqueous solution of TM Recond AC detergent (25% v/v aqueous solution of potassium hydroxide); 4 min, 70°C, 1% of aqueous solution of TM Recond pH; 4 min, 70°C, hot water; 2 min, cold water. The 3 rd group of 5 barrels (ozone treatment, OT) was treated with gaseous ozone generated by a cold plasma generator (Moving Fluid, I) with a nominal capacity of 32 g/h of ozone, equipped with an ozone detector B&C Electronics Srl (I); gas flow was set at 10 L/h with a treatment time of 30 min. After treatment, the barrels were again filled with sterile water, which was sampled as previously described. Finally, the barrels were filled with red wine (Lagrein cv., ethanol 13.1% vol., total acidity 5.70 g/L tartaric acid, acetic acid 0.45 g/L, malic acid 0.82 g/L, lactic acid 2.26 g/L, free SO 2 12.5 mg/L, Supplier: a = Fluka (St. Louis, MO, USA); b = Sigma Aldrich (St. Louis, MO, USA); c = CHEMOS GmbH (Regenstauf, Germany); d = Aldrich (St. Louis, MO, USA); e = SAFC (St. Louis, MO, USA); f = TransMIT (Gießen, Germany); RT retention time; R 2 = coefficient of determination; LOQ limit of quantitation total SO 2 20.5 mg/L). The wine was aged in the barrels for 97 days, carrying out periodic sampling for microbiological and chemical analysis. Sensorial analysis was performed on the wine after barrel ageing.
Microbiological analysis
All microbiological analysis was performed as reported by the International Vine and Wine Organization (OIV 2015), using the following synthetic media: WL Agar (Oxoid, UK) for the enumeration of yeasts and acetic bacteria; Lysine Agar (Oxoid) for the quantification of non-Saccharomyces yeasts; DBDM (Morneau et al. 2011.) and WL Agar ? 0.1% v/v of Cicloeximide solution (1% v/v aqueous solution, Oxoid) for the enumeration of Brettanomyces; MRS Agar for the quantification of lactic acid bacteria. All media were incubated at 25°C for a time of between 4 and 10 days; MRS Agar was incubated under anaerobic conditions (Anaerogen KIT, Oxoid).
Simple phenolic characterisation of wine
Chromatographic separation was carried out using a Thermo Ultimate R3000 UHPLC (Thermo Scientific, CA, USA) equipped with an on-line purification SPE system, adapting the method proposed by Barnaba et al. (2015) . Mass analysis was performed with a Q-Exactive TM Hybrid QuadrupoleOrbitrap Mass Spectrometer (HQ-OMS, Thermo Scientific) equipped with heated electrospray ionization (HESI-II) and operating in negative ion mode. A HyperSep TM Retain PEP spe cartridge (3.0 mm 9 10 mm, 40-60 um, Thermo Scientific) was used for on-line sample purification and Acquity UPLC BEH C18 (2.1 mm 9 100 mm, 1.7 lm particle size; Waters, MA, USA) as the analytical column. Chromatographic separation was performed with H 2 O-ACN, by managing the ACN concentration as follows: from 4.0 to 5.5 min eluent B at 5%, from 5.5 to 17 min a linear increase to 60%, from 17.0 to 18.5 min a linear increase to 100%, then column equilibration from 18.5 to 22.0 min at 5%. During the first 4 min online SPE purification took place. During sample purification the flow rate was set to 0.250 mL/min, while during chromatographic separation the flow rate was set at 0.400 mL/min. The sample inject volume was 2 lL. Mass spectra were acquired in profile mode through full MSdata dependent MS/MS analysis (full MS-dd MS/MS). Full mass spectra were recorded at a mass resolving power of 140,000 full width at half-maximum (FWHM), while datadependent mass spectra were recorded at a mass resolving power of 17,500 FWHM. The mass spectrometer operated with the following parameters: spray voltage, 2.80 kV; sheath gas flow rate at 30 arbitrary units; auxiliary gas flow rate at 20 arbitrary units; capillary temperature at 310°C; capillary gas heater temperature, 280°C. Full mass spectral data were used for identification and quantification of analytes, while data-dependent mass spectral results were used to confirm the presence of analytes in real matrices. Table 1 summarises the exact masses and characteristic fragments used respectively for quantification and confirmation of the target compounds. Limits of detection (LODs) and of quantitation (LOQs) were established according to Mol et al. (2011) and Eurachem (1993) respectively. Method accuracy was estimated in terms of mean relative recovery by spiking 8 natural samples with 1000 lg/L of each phenol. Before analysis the sample was filtered using 0.45 lm PTFE filter cartridges (Sartorius AG, D), diluted 10 times, and added to the internal standard (p-nitrophenol, final concentration 500 lg/L) and formic acid (aqueous solution, 0.1% v/v).
Sensorial analysis of the wine
Wine from each individual barrel (15 samples) was tasted blindly following 97 days of ageing in the treated barriques. The panel consisted of 13 judges, previously trained wine sensory analysis at the laboratories of Laimburg Research Centre for Agriculture and Forestry (BZ, Italy). Judges were divided into two groups to which the wine were served in a different order to minimize systematic errors. Sensory evaluation was carried out using unstructured rating scales (Stone et al., 2008 ) that express each parameter on a linear scale from a minimum and a maximum. The evaluation scheme contained 12 parameters for both flavour (fruitiness, ink and leather, Brett smell/horse sweat, cleanness of the aroma, complexity, varietal typicality, reduced or oxidative character) and the taste (quantity of tannins, quality of tannins, balance, astringency and overall quality). 3 wine samples were replicated twice to check the sensitivity and reliability of each judge, using the method proposed by Kobler (1996) .
Statistical analysis
All statistical analysis was performed using Statistica 9.1 (StatSoft, CA, USA). No detectable data were fixed at a value equal to half the LOQ determined for each parameter. Analytical compounds detectable in less than 10% of samples were not considered during statistical elaboration. Data not normally distributed (gentisic acid, syringaldehyde, sinapaldehyde, vanillin; Kolmogorov-Smirnov test, p \ 0.05) were normalised by applying Box-Cox transformation. Honestly significant difference (HSD) Tukey test (p \ 0.05) was applied in order to identify differences between treatments or sampling times both from microbiological and chemical determination. Principal Component Analysis was applied to phenols found to be significantly different due to ageing and treatment.
Results and discussion
Survey of the microbiological state of barrels before sanitation Preliminary analysis of the wine stored in the barrels (data not shown) showed presence of Brettanomyces spp. at a concentration of up to 2 log units, an exceptionally higher value because it can lead to immediate alterations in wine (Renouf et al. 2007) . Despite the diverse features of barrels (type of wood, degree of roasting, age) the profile of the microbiota found inside them, before sanitization treatments, was similar (Table 2 ) and related to the microbiological contamination of the wines previously stored in the barrels. This evidence led to consider the presence of spoilage microorganisms in winery equipment as a stable and widespread phenomenon that must be properly counteracted by a microbiological surveillance and an effective sanitization plan. The recovery onto petri plate containing a non-selective media (WL) was 1 log unit below the results of plate counts performed by DBDM and WLd, two media specifically tailored for Brettanomyces genera (Table 2) . Comparison between the results of plate counts on WL Agar and Lysine Agar (Table 2) indicated that the yeast population was mainly made up of non-Saccharomyces yeasts. This observation agreed with previous works on the ecology of wine after alcoholic fermentation, revealing the presence of a complex yeast consortium during wine ageing (Perez-Martin et al. 2014; Sangorrin et al. 2008; Shinohara et al. 2000) . The concentration of Brettanomyces genera, and of other yeasts grown onto the same selective media, was similar to that observed in wines earlier stored in barrels, about the 2-3 log units. Acetic bacteria were widely present in barrels, indeed lactic acid bacteria were not found in the samples, probably due to the standard practice of this winery of performing malolactic and alcoholic fermentation simultaneously, in the stainless-steel fermentation tanks. The differences in the recovery of analysis performed onto diverse synthetic media suggested that the microbiological monitoring of spoilage agents have consider different approaches, tailored for the microbial groups of interest in relation to the wine features (Zuehlke et al. 2011; Rodrigues et al. 2001 ).
Effectiveness of sanitation treatments
Barrels were treated using the 3 different protocols described in ''Experimental plan'' section. The first treatment was performed without a specific sanitising agent, using water to remove residues of wine from the internal surface of barrels. In the other cases (CT and OT) an aqueous solution of potassium hydroxide and gaseous ozone respectively were used as sanitising agents. Table 2 gives the results of the treatments, expressed as the microbial contamination found inside barrels after sanitisation. The first conclusion was that the sanitising agents did not result in complete removal of the microbes from the internal surface of barrels; this agreed with previous experience and confirmed the complexity of microbial control inside wood containers (Oelofse et al. 2008; Hester 2006; Du Toit and Pretorius 2000) . In the case of washing with water (NT barrels), the decrease in cell concentration observed for certain groups of microorganism (Table 2) was probably related to mechanical removal of cells from the wood surface. In this context, one example was represented by acetic bacteria, whose aerobic nature and tendency to grow on the surface of the substrate (in this case wood) facilitated mechanical removal during washing with water. On the other hand, in the event of a more vigorous microorganism, i.e. yeasts, an increase in contamination was observed. A reasonable explanation for this behaviour would involve taking into account the increase in water activity inside the wood due to the water treatment, which is thus counterproductive. The concentration is expressed in CFU/mL, referring to the microbial contamination of 50 litres of sterile water kept inside the barrels for 24 h with shaking. BT samples before sanitization treatment, AT samples after sanitization treatment; nd not detectable (\5 ufc/mL). Number of barrels with the same treatment (n) = 5, statistical analysis was performed comparing the microbial load before and after each treatment
In chemically treated barrels (CT) the residual microbial population was almost 30% of the initial level, for both yeasts and acetic bacteria, while it decreased to 15% in the case of Brettanomyces. More effective results were achieved in barrels subjected to the OT treatment, which reduced yeast contamination below 10% of the initial concentration and eliminated Brettanomyces: its concentration was negligible in sampling, after sanitations. The differences observed between CT and OT treatments were due to diverse mechanisms of action of the sanitising agents. CT was based on massive production of carbon dioxide due to the reaction of the active ingredients (potassium hydroxide, potassium carbonate and tetrapotassium pyrophosphate) with water, therefore mainly caused mechanical removal of the dirt. In contrast, OT acts by triggering radical reactions that target the double bonds typical of some molecules essential for cell life. It is therefore referred that the action of ozone was more strongly directed against living microorganisms, in comparison to CT. The various classes of microorganisms showed different sensitivity to OT. This behaviour could be explained by considering the different aerobic characteristics of oenological microorganisms and, consequently, different resistance to the oxidative stress exerted by ozone (Guzzon et al. 2013 ). Brettanomyces spp., residual concentration was 1.3 ± 7 9 10 2 and 6.0 ± 2 9 10 2 CFU/mL (Table 2 ) respectively in NT and CT barrels exposed wines to a significant risk of wine spoilage, considering that volatile phenols are generally produced when Brettanomyces exceeds 2 logarithmic units (Oelofse et al. 2008; Chatonnet et al. 1995) . Conversely, in OT barrels the Brettanomyces concentration was close to the plate count detection limits and of no technological relevance.
Evolution of the phenolic content of wine stored in barrels subjected to different sanitation treatments over time Almost all the target phenolic compounds were found in wines stored in barrels previously subjected to sanitation treatments at a concentration higher than their relative limits of quantitation. Two compounds differed from the general rule: sinapaldehyde and 4-ethylguaiacol. As regards phenols of microbiological origin, responsible for the ''Brett character'' in wine (Shinohara et al. 2000; Chatonnet et al. 1995) , at the end of the 3 rd month (97 days) of ageing 4-ethylphenol content ranged between 8.17 and 62.5 lg/L, with a median of 42.8 lg/L in the OT samples, between 4.9 and 45.2 lg/L, with a median of 31.9 lg/L in the CT samples, and between 29.4 and 46.7 lg/L, with a median of 34.9 lg/L in the NT samples. A similar situation was observed in the case of 4-ethylcatechol, which showed a median value of 30.2 lg/L in the OT samples (range 28.2 7 31.9 lg/L), 28.6 lg/L in the CT samples (range 26.7 7 30.4 lg/L), and 29.4 lg/L in the NT samples (range 27.5 7 31.5 lg/L). Considering the sensorial threshold, generally above 420 lg/L as the sum of 4-ethylphenol and 4-ethylguaiacol (Knapp et al. 2010) , all the wines were unaffected by ''Brett character''.
The proposed sanitation treatments did not directly involve the wine, but rather the wood of the barrels, so chemical characterisation therefore focused on the phenol profile (35 compounds), supposing that the variations of their concentrations should depend mainly on the interaction between wood and wine. As regards the content of wines subjected to the different sanitation treatments, significant differences (Tukey Test, p \ 0.05) were observed between the wines sampled after 37 and 97 days of ageing, as reported in Fig. 1 for five compounds having different, and characteristics, trends. Minimum, median and maximum phenol content, and significant differences between the median concentration measured following 1, 2 and 3 months' ageing are summarised in Table 3 . Acetovanillone increased by about 12% in wines aged in ozonetreated barrels (OT) over time, and also increased in wine from chemically treated barrels (?8%), albeit not significantly, but decreased in wine from untreated barrels (-3%). Gentisic acid increased in OT (?44%) and CT wines (?66%), and also in NT wines (?56%), albeit not significantly. Interestingly for wine aroma perception, vanillin and homovanillic acid increased significantly with ozone treatment (?72% and ?12% respectively), but not significantly with the other treatments (?30% and ?13% for CT; ?13% and ?10% for NT respectively). Isoacetovanillone and o-vanillin increased in OT (?20% and ?26% respectively) and CT wines (?13 and ?29% respectively), but did not significantly change in NT wines (-8 and ?10% respectively). Catechin, which did not change in NT (?4%) and CT (?2%) wines, decreased in OT samples (-4%). Isoacetosyringone decreased over time both in NT (-27%) and OT (-36%) wines, but did not change in CT wine (-1%). Isopropiovanillone decreased significantly in OT wines (-36%), but not in NT (-15%) and CT wines (-18%). Epicatechin decreased in NT (-6%) and CT wines (-6%), albeit not significantly, but did not change in OT wines (?1%). Caffeic and salicylic acids decreased significantly in NT (-5 and -23% respectively), but not in CT (-3 and -15% respectively) and OT wines (-5 and -12% respectively). Gallic acid decreased significantly in NT (-35%) and CT samples (-28%), and also noticeably in OT (-28%) wine. Guaiacol increased significantly in NT (?27%) and noticeably in CT (?25%), but not in OT samples (-3%). Hydroxytyrosol increased in NT (?3%) and OT (?5%), but only significantly in CT wines (?4%). Methyl vanillate and protocatechuic acid decreased significantly in NT (-28% and 29% respectively) and CT samples (-25 and -20% respectively), and also noticeably in OT (-19 and -13% respectively).
Impact of sanitation treatments on the wine phenolic profile following 97 days ageing
Statistical analysis of phenols for 97-day-aged samples had eight compounds with significant difference (Tukey Test, p \ 0.05) between treatments were acetovanillone, isoacetovanillone, gallic acid, methyl vanillate, salicylic acid, protocatechuic acid, isoacetosyringone and vanillic acid. Aceto-and isoacetovanillone content was statistically higher for OT wines. Gallic acid, methyl vanillate, salicylic and protocatechuic acid were higher for OT than for NT. Isoacetosyringone content was lower for OT than for CT. Finally, vanillic acid was higher for OT than for CT. Figure 1 shows the distribution of these phenols after 3-month ageing for the different treatments. The vanillin content was very important due to the possible impact on wine aroma and although not significantly different for the barrel Fig. 1 Box plot of simple phenolic content after 3 months of ageing (97 days) in differently treated barrels (NT: non-treated barrels; CT: barrels treated with a chemical sanitising agent; OT: barrels treated with ozone). A single compound, of those found to be significantly different (Tukey Test, p \ 0.05) for the treatments, is reported for each trend described. Vanillin, the only not significantly different compound, is given as an example of wood's impact on barrel-aged products Fig. 2 Score plot (two first principal components: PC1 = 25%, PC2 = 20%) for wines aged for 37, 67 and 97 days in barrels distinguished on the basis of the three tested treatments (NT: nontreated barrels; CT: barrels treated with a chemical sanitising agent; OT: barrels treated with ozone) Minimum, median and maximum content (lg/L) of phenolic compounds shown to be significantly different (Tukey Test, p \ 0.05) for at least one barrel treatment in wines aged for one month (37 days), two months (67 days) and three months (97 days). Median superscript letters on the same row indicate significant differences between ageing times for the same treatment treatments, it had a median content notably higher (almost double) for OT wines as observed in a previous work by Guzzon et al. (2013) . All the variations described for hydroxybenzochetonic derivatives (methyl vanillate, isoacetosyringone, aceto-and isoacetovanillone), and hydroxybenzoic acids (gallic, salicylic, protocatechuic and vanillic acid) were consistent with earlier results for red wines (Barnaba et al. 2015) . However, compounds with a possible impact on wine aroma, being vanillin derivatives and mostly related to wood transfer in barrel-aged products, such as aceto-, isoacetovanillone, methyl vanillate, vanillic acid and vanillin itself, were generally higher in wines aged in OT barrels as compared to those from differently treated barrels. Figure 2 presents a graphic PCA description of data related to the phenols found to be significantly different in terms of ageing and treatment. O-vanillin, gentisic acid and guayacol were the most significant components with positive eigenvalues (0.41, 0.36 and 0.33 respectively), while protocatechuic acid, gallic acid and methyl vanillate had negative eigenvalues (-0.91, -0.91 and -0.90 respectively) for the first function (Fatt. 1), which explained 25% of total variability. Acetovanillone, isoacetovanillone and gentisic acid were the most significant components with positive eigenvalues (0.84, 0.80 and 0.76 respectively), while coniferyl alcohol, isoacetosyringone and isopropiovanillone had negative eigenvalues (-0.50, -0.41 and -0.35 respectively) for the second function (Fatt. 2), which explained 20% of total variability. Barrel treatment seems to have affected the wine phenolic profile in a more moderate way than the duration of ageing, and as it is reasonable to expect, the main compositional differences can be observed between 37-day and 97-day aged samples. These results provided further confirmation that OT, as well as being effective in eradicating spoilage microorganisms, did not effect the aroma profile of wines.
Sensorial analysis of wine
Sensorial analysis showed no significant differences between the different sanitation treatments for the descriptors considered (Table 4) . According to the chemical assay, the flavour descriptors associated with aroma alterations due to the Brettanomyces bruxellensis metabolism (ink and leather, Brett smell/horse sweat, cleanness in the aroma) were detected at low levels. These results underlined that in the experimental conditions adopted, Brettanomyces was not able to cause alterations to the sensorial impression of wines. The main factor that limited Brettanomyces activity was probably the short ageing time (3 months), thus defined because it was specifically the standard procedure for the production of Lagrein wine. In future, additional experiments involving wines suitable for prolonged storage in barrels will be needed to better clarify this aspect. Other parameters in the sensorial tests (i.e. fruitiness, complexity, varietal typicality, reduced/oxidative character, quantity of tannins, quality of tannins and balance) were more related to wine features, deriving for example from the varietal contribution, rather than to winemaking variables such as the ageing time in barrels. Consequently, for the purpose of this work, these descriptors have the greatest relevance. The non-significant differences detected for all of these descriptors proved that the treatments considered had no negative effects on the wine's organoleptic characteristics. While this was already known for the chemical treatment described, it is described for the first time, as far as we know, for sanitation treatment with ozone.
Conclusion
This work verified the applicability of ozone as a sanitising agent for barrels used to age wines in real winemaking conditions, maintaining accuracy and statistical robustness similar to laboratory tests in the experimental plan and analysis of results. Ozone proved to be an effective sanitising agent, against the main wine spoilage organisms, such as Brettanomyces. The extended range of chemical analysis performed on wines during the 3-months' ageing in barrels allowed the evolution of the phenolic profile of wines to be studied, both in terms of the kinetics of exchange between wine and wood, and the quantitative and qualitative composition of the finished wines. Finally, sensory analysis confirmed the results of chemical tests, excluding any depreciation of the wine due to treatment of the barrels with ozone. In conclusion, ozone proved to be an interesting alternative to traditional sanitising agents used in the winery, capable of guaranteeing effective and safe sanitation during winemaking.
